Models of visual attention postulate the existence of a bottom-up saliency map that is formed early in the visual processing stream. Although studies have reported evidence of a saliency map in various cortical brain areas, determining the contribution of phylogenetically older pathways is crucial to understanding its origin. Here, we compared saliency coding from neurons in two early gateways into the visual system: the primary visual cortex (V1) and the evolutionarily older superior colliculus (SC). We found that, while the response latency to visual stimulus onset was earlier for V1 neurons than superior colliculus superficial visual-layer neurons (SCs), the saliency representation emerged earlier in SCs than in V1. Because the dominant input to the SCs arises from V1, these relative timings are consistent with the hypothesis that SCs neurons pool the inputs from multiple V1 neurons to form a feature-agnostic saliency map, which may then be relayed to other brain areas.
Models of visual attention postulate the existence of a bottom-up saliency map that is formed early in the visual processing stream. Although studies have reported evidence of a saliency map in various cortical brain areas, determining the contribution of phylogenetically older pathways is crucial to understanding its origin. Here, we compared saliency coding from neurons in two early gateways into the visual system: the primary visual cortex (V1) and the evolutionarily older superior colliculus (SC). We found that, while the response latency to visual stimulus onset was earlier for V1 neurons than superior colliculus superficial visual-layer neurons (SCs), the saliency representation emerged earlier in SCs than in V1. Because the dominant input to the SCs arises from V1, these relative timings are consistent with the hypothesis that SCs neurons pool the inputs from multiple V1 neurons to form a feature-agnostic saliency map, which may then be relayed to other brain areas.
attention | priority | vision | gaze | oculomotor M ost theories and computational models of saliency postulate that visual input is transformed into a topographic representation of visual conspicuity (Fig. 1A, red) , whereby certain stimuli stand out from others based on low-level features of the input image ( Fig. 1A, blue) (1) (2) (3) . The concept of a priority map describes a combined representation of visual saliency and behavioral relevancy ( Fig. 1A, yellow) , which is thought to be the core determinant of attention and gaze (4, 5) . To date, most studies have reported evidence of saliency and/or priority maps in a distributed network of cortical brain areas [e.g., primary visual cortex (V1) (6) (7) (8) (9) , visual area 4 (V4) (10) , lateral intraparietal area (LIP) (11) (12) (13) , and frontal eye fields (14, 15) ]. However, there is mounting evidence for a subcortical saliency mechanism in the premammalian optic tectum (16) (17) (18) or superior colliculus (SC) in primates (Fig. 1B) . The primate SC, which has received a lot of attention for its role as an oculomotor hub, might be considered an unlikely candidate for a visual salience map, but there is a rich history of research on visual attention in the SC (a recent review is in ref. 19 ), which has broadened our perspective of its role in processes previously thought to be the domain of neocortex.
The SC (Fig. 1B) is multilayered but is often described as having two dominant functional layers, a superior colliculus superficial layer (SCs) associated exclusively with visual processing and a superior colliculus multisensory-cognitive-motor intermediate layer (SCi) linked to the control of attention and gaze (19) (20) (21) (22) . Because SCs is interconnected with multiple visual areas (23) (24) (25) , it is in an ideal location to pool diverse visual inputs to form a feature-agnostic saliency representation. Recently (26) , it has been shown that the activity of SCs neurons, with dominant inputs that arise from the retina and V1 ( Fig. 1B) (24, 25) , is well-predicted by a computational saliency model that has been validated on the free viewing behavior of humans (27) and nonhuman primates (28) . In addition, a recent lesion study has shown that attention guidance is preserved in the absence of V1 (29) , thereby challenging the hypothesis that saliency coding depends critically on V1 (6-9) and instead, implicating a possible pathway through the SC. This poses the question of whether the evolutionarily older SC still plays a significant role in the computation of saliency or whether saliency representations observed there reflect computations done elsewhere.
Here, we explored the hypothesis that SCs, not V1, embodies the role of a saliency map. To test this hypothesis, we recorded from neurons in the SC and V1 (of different animals), while using a task and stimuli ( Fig. 1 C-F) designed to compare the timing of saliency representations, and the long-range spatial interactions that give rise to saliency in complex scenes. Rhesus monkeys performed a visually guided saccade task while presented with salient but goal-irrelevant stimuli that they were required to ignore. The goal-irrelevant stimulus consisted of a wide-field array (210 items spanning 40°to 50°of visual angle) of oriented color bars (∼0.4°× 1.2°) with a salient oddball, forming what is traditionally described as perceptual pop out (30) . We measured visually evoked responses when the salient oddball appeared within (IN) vs. opposite/contralateral (OPP) to the response field (RF), representing high-vs. low-saliency regions of the display. Because models of visual saliency depend critically on center-surround feature contrasts that extend widely across the visual field (1-3), quantification of the surround suppression characteristics can also provide a strong index of the degree to which each brain area represents saliency. Therefore, a singleitem control condition ( Fig. 1 E and F) served as a benchmark of visual responses with no competing surround, which allowed us to differentiate first-order saliency (local luminance change associated with a sudden visual onset) from second-order saliency
Significance
Theories of visual attention postulate the existence of a saliency map that guides attention/gaze toward the most visually conspicuous stimuli in complex scenes. This study compared saliency coding in the two dominant visual gateways: the primary visual cortex (V1) and the evolutionarily older visual system that exists in the midbrain superior colliculus. Our results show that neurons in the superficial visual layers of the superior colliculus (SCs) encoded saliency earlier and more robustly than V1 neurons. This was surprising, because the dominant input to the SCs arises from V1. This result is in line with models that place a feature processing stage (V1) before the feature-agnostic saliency map in SCs.
computations (center-surround contrasts that make a stimulus stand out from its isoluminant neighbors in a complex scene). In addition, the goal-irrelevant oddball/item was centered in the RF in two ways: (i) the stimulus appeared abruptly with the oddball/ single-item centered IN or OPP the RF; or (ii) the oddball/single item was brought IN or OPP the RF via a saccade (11) . This allowed us to examine possible differences in saliency coding associated with passive viewing of an abrupt visual onset vs. active gaze-dependent shifting of stimuli over different parts of the visual field via saccades (11) , which is characteristic of realworld viewing.
Results
Saliency Coding Emerges Earlier in SCs than V1. We compared visually evoked responses when a salient but goal-irrelevant oddball appeared IN vs. OPP the RF, representing high-vs. low-saliency Four possible combinations of color and orientation were randomly interleaved, such that the oddball was always the opposite color and orientation as the remaining items. (E and F) A single-item control condition served as a benchmark with no surround. On a given trial, the animal fixated an FP, which appeared at either the screen center (C and E) or above or below center (D and F) at a location orthogonal to the RF at the same eccentricity (i.e., ±90°polar angle relative to the RF). The animals were required to continue fixating on the FP for a 0.5-to 0.7-s random period, after which the goal-irrelevant array/item appeared. The animals were required to continue fixating on the FP for an additional 0.5-0.7 s, after which the FP stepped from center to one of the orthogonal peripheral locations (C and E) or from the peripheral location to center (D and F). The frames with the black outlines illustrate the time of alignment for the array/item-aligned (C and E) and saccade end-aligned (D and F) conditions. In both cases, visually evoked responses were measured when the eyes were fixated at the screen center, such that the stimulus display was the same. regions of the display, the difference of which defined the saliency index (SI Materials and Methods). Fig. 2 A-D shows normalized population-averaged responses for V1 ( Fig. 2 , blue) and SCs (Fig. 2 , red) neurons (note that these results were not affected by the normalization procedure as indicated by the identical statistical outcome using absolute firing rates) ( Fig. S1 ). For a given neuron, we normalized to the averaged peak response of the single-item condition within the window from 0 to 500 ms (SI Materials and Methods). Because the single item always produced the greatest visual response, this ensured that the relative differences between conditions for a given neuron were retained. Although V1 and to a lesser degree, SCs (31) neurons showed some feature preference ( Fig. S2 ), the response curves depicted in Fig. 2 represent the data collapsed across the feature combinations, effectively canceling out feature-specific differences. It should be noted that the V1 response curves represent combined single units plus multiunit sites (Materials and Methods), the results of which were qualitatively similar but less robust with the single units alone ( Fig. S3 ). At the population level, V1 and SCs neurons showed a significant preference for the salient oddball as indicated by the difference between the oddball IN (Fig. 2 , thick traces) and oddball OPP (Fig. 2 , thin traces) conditions (P < 0.05, Wilcoxon signed rank test at 10-ms intervals, Bonferroni-Holm corrected). In addition, this oddball selectivity was qualitatively similar whether the oddball appeared abruptly in the RF ( Fig. 2 A and C, array-aligned condition) or was brought into the RF via a saccade ( Fig. 2 B and D, saccade end-aligned condition).
To explore these differences in detail, we derived two quantities from the response profiles of each neuron, the visual response onset latency (VROL; the earliest emergence of a visual response) and the saliency response onset latency (SROL; the earliest point at which the neuron signaled a preference for the oddball) (Materials and Methods). Fig. 2 E and F shows the cumulative distributions of VROLs (Fig. 2 , solid traces) and SROLs (Fig. 2 , dotted traces) for V1 and SCs neurons. Only the subset of neurons which showed significant preference for the oddball was included in the cumulative distribution of SROLs. For the array-aligned condition ( Fig. 2E ), VROL was significantly earlier for V1 (median = 40 ms, n = 56) ( Fig. 2 , vertical blue line) than SCs (median = 49 ms, n = 24; P = 0.0008, rank sum test) ( Fig. 2 , vertical red line), whereas SROL was significantly earlier for SCs (median = 65 ms, n = 24) than V1 (median = 139 ms, n = 56; P = 0.000021, rank sum test). These results were qualitatively similar in the saccade end-aligned condition (Fig. 2F ). There, VROL was significantly longer for V1 (median = 47 ms, n = 64) than SCs (median = 38 ms, n = 21; P = 0.013, rank sum test). More importantly, SROL was significantly earlier for SCs (median = 60 ms, n = 21) than V1 (median = 121 ms, n = 64; P = 0.0041, rank sum test). The results were qualitatively similar whether RFs were overlapping or nonoverlapping between brain areas (Fig. S4) .
These results indicate that, although V1 signaled the earliest visual arrival times in the stimulus-aligned condition (although not in the saccade end-aligned condition), on average, the saliency representation in V1 did not emerge until 60-75 ms after it had already appeared in the SCs. This delay was relatively shorter for V1 single units (14-37 ms) ( Fig. S3 E and F) than V1 single units plus multiunits ( Fig. 2 E and F) , but in either case, the results were generally the same. Using the larger dataset that included single-unit plus multiunit V1 recordings led to more reliable and statistically powerful V1 results (compare, for example, the difference between the population-averaged spike density traces in Fig. 2 A and B and Fig. S3 A and B) .
In addition, in V1, there was an average delay of 45-99 ms from visual onset to the emergence of the saliency representation (comparing the blue solid traces with the blue dotted traces in both Fig. 2 E and F and Fig. S3 E and F) . This delay is exemplified by the fact that the saliency representation in V1 did not emerge until after the initial volley of visual activity, as indicated by the blue vertical dotted line in Fig. 2A (Fig. S3A) . In contrast, while SCs neurons showed overall later VROLs than V1 in the stimulus-aligned condition, the saliency representation emerged within the initial volley of visual activity around the earliest part of the visual response (∼15-20 ms after visual response onset) as indicated by the red vertical dotted line in Fig. 2C . This relatively slow signaling of saliency in V1 suggests either a processing delay within V1 itself to generate a saliency representation or that the saliency representation in V1 emerged via feedback from other brain areas. Interestingly, VROL was the same or shorter for SCs than V1 in the saccade end-aligned case (Fig. 2F and Fig. S3F ). This might indicate that, under real-world viewing conditions, where stimuli are more often brought into a neuron's RF as a result of saccades, VROL may be earlier in SCs than V1. Most importantly, the saliency representation emerged reliably earlier in SCs than V1.
Surround Modulation Emerges Earlier and Stronger in SCs than V1.
Most models of visual saliency depend critically on center-surround feature contrasts that extend widely across the visual field (1-3), and therefore, comparison of the surround suppression characteristics can provide a strong index of the degree to which each brain area represents saliency. To quantify surround suppression, we compared visual responses evoked by the wide-field array (surround) (Fig. 1C ) with a single item (no surround) ( Fig. 1E ). Fig. 3 A-D shows population responses in the single-item IN condition (no surround) ( Fig. 3 , black trace) vs. the oddball IN condition (surround) ( Fig. 3 , color trace). From these averaged population traces, one can see noticeable differences in the timing of surround suppression between brain areas, with SCs ( Fig. 3 C and D) showing markedly earlier suppression than V1 ( Fig. 3 A and B) [P < 0.05, Wilcoxon signed rank test at 10-ms intervals, Bonferroni-Holm corrected; note that these results were not affected by the normalization procedure as indicated by the identical statistical outcome using absolute firing rates (Fig. S5) ]. In particular, the suppression in V1 did not emerge until well after the initial volley of visual activity as exemplified by the blue vertical dotted line in Fig. 3A (Fig. S6A ). This is in contrast to SCs, in which the suppression emerged within or before the peak of the initial volley of visual activity as exemplified by the red vertical dotted line in Fig.  3C . To quantify the magnitude of the differences, we compared the percentage of suppression within two time periods: (i) during the peak of the visual response and (ii) during the sustained portion of the response (details are in SI Materials and Methods). Percentage suppression ( Fig. 3 E-H ) was significantly greater for SCs neurons (Fig. 3 , red) than for V1 neurons (Fig. 3 , blue) during both the peak ( Fig. 3 E, array-aligned; P = 9.3e-07 and G, saccade end-aligned; P = 1.2e-05) and sustained ( Fig. 3 F, array-aligned; P = 0.0089 and H, saccade end-aligned; P = 2.8e-04) portions of the response (rank sum test).
As with SROL above, we computed the surround suppression onset latency (SSOL) for each neuron that showed significant surround suppression, defined as the earliest time in which a neuron signaled a significantly greater response for the singleitem IN condition (no surround) vs. the oddball IN condition (surround) (SI Materials and Methods). Fig. 3I shows that, for V1 neurons in the stimulus-aligned condition, SSOL (median = 73 ms, n = 69) was significantly delayed relative to VROL (median = 40 ms, n = 69; P = 6.8e-16). In contrast, for SCs neurons in the stimulus-aligned condition, SSOL (median = 51 ms, n = 25) was not significantly delayed relative to VROL (median VROL = 49 ms, n = 25; P = 0.18). Fig. 3J shows that, for V1 neurons in the saccade end-aligned condition, SSOL (median = 95 ms, n = 52) was again significantly delayed relative to VROL (median = 46 ms, n = 52; P = 2.2e-12). For SCs neurons in the saccade end-aligned condition, SSOL (median = 51 ms, n = 22) was moderately delayed relative to VROL (median VROL = 39 ms, n = 22; P = 0.0004). Importantly, SSOL emerged in V1, on average, 22-44 ms later than in SCs (note the difference between the red and blue dotted curves in Fig. 3 I and J) (P = 2.8e-05 for stimulus-aligned data; P = 6.1e-05 for saccade end-aligned data, rank sum test). These results were qualitatively similar using V1 single units alone ( Fig. S6 I and  J) . The results were also qualitatively similar whether RFs were overlapping or nonoverlapping between brain areas (Fig. S7 ). This indicates that, similar to the SROL results described above, SSOL also showed relatively slow dynamics in V1. This suggests either a processing delay to generate surround suppression within V1 itself or that surround modulation in V1 arises, in part, via feedback from other brain areas (32) (33) (34) . In either case, these results are in agreement with the hypothesis that the SCs, but not V1, has center-surround characteristics suited for computing saliency from wide-field visual inputs (35) .
Goal-Irrelevant Saliency Is Weakly Represented in SCi. The input-output structure and response characteristics of SCi neurons differ in many important ways from SCs neurons (23) (24) (25) . In particular, SCi neurons receive a diverse set of inputs predominantly from frontal and parietal cortices and the basal ganglia ( Fig. 1B) and project directly to the brainstem saccade generator (23) (24) (25) . Functionally, these neurons have multisensory and oculomotor responses and have been shown to play a central role in spatial attention (19, 20) . This has led to the hypothesis that SCi is best described as a priority map for the control of attention and gaze (4) ( Fig. 1 A and B) . For these reasons, we predicted that SCi neurons would show important differences from SCs neurons on our task designed to measure goalirrelevant saliency. Fig. 4 shows the results of our sample of n = 25 SCi neurons. In contrast to SCs neurons (Fig. 2) , SCi neurons only weakly signaled the presence of the salient oddball, showing a small difference over a shorter period than observed in SCs ( Fig. 4 A and B) (P < 0.05, moving Wilcoxon signed rank test, Bonferroni-Holm corrected). Moreover, the response of SCi neurons was especially attenuated in the saccade end-aligned condition (Fig. 4B) . Recall that these response profiles were normalized to the response of a single unitary item (Materials and Methods and Fig. 1E ), which indicates that, while SCi neurons respond well to a visual stimulus (Fig. 4C, black trace) , presentation of the entire array resulted in a dramatic response attenuation ( Fig. 4 A-D, yellow traces) . In addition, SCi neurons did show significant surround suppression during the peak response in the stimulus-aligned condition (Fig. 4E ) (P = 0.0005, Wilcoxon signed rank test against zero median) but not during the sustained portion of the response (Fig. 4F ) (P = 0.072) or in the saccade end-aligned condition ( Fig. 4 G and H) (P > 0.49 in both cases). SSOL emerged around the same time or just after VROL, and the difference was not significant (Fig. 4I ) (median VROL = 48 ms, median SROL = 52 ms, n = 14; P = 0.24, rank sum test).
These results suggest that SCi neurons are not a good candidate for the representation of a saliency map, a hypothesis that is consistent with the results of an earlier study (26) . Moreover, the strong attenuation of the overall response in the saccade endaligned case implies that locations on the SCi map not associated with the saccade goal were particularly suppressed around the time of the saccade, which continued momentarily into the subsequent fixation when the stimuli were brought into the RF (Fig. 4D ). This was not the result of a misalignment between the stimulus and RF (because of less than perfect saccade accuracy), because V1 neurons showed little attenuation under the same conditions (Fig. 3B) , and stimulus-RF misalignment would have been more likely in V1 given the characteristically smaller RFs (36, 37) . These results suggests a mechanism that restricts goalirrelevant saliency signals in SCi from passing through to downstream gaze control circuitry.
Discussion
This study compared saliency coding in two early visual areas of the primate visual system, V1, and the hub of the evolutionarily older visual system, SCs. We found that, while both V1 and SCs neurons encoded the presence of a salient but goal-irrelevant oddball, the saliency representation in V1 did not emerge until after it had already emerged in SCs (Fig. 2 E and F) . This indicates that, although V1 is the dominant input to SCs (24, 25), the saliency representation in SCs was not simply a readout of computations done upstream in V1. This is interesting, because V1 neurons registered the arrival of visual signals reliably earlier than SCs in the stimulus-aligned condition (although not the saccade end-aligned condition), but V1 was slower to signal both saliency ( Fig. 2 E and F) and surround modulation (Fig. 3) , an essential component for computing saliency across the visual field (1-3). Moreover, the saliency representation was generally limited to the superficial visual SC layers. SCi visuomotor neurons, with dominant inputs that arise from frontal-parietal cortices and the basal ganglia (23-25), did not show a significant preference for the salient oddball ( Fig. 4 A and B) . This finding is consistent with an earlier study that reported a weak saliency representation in SCi during free viewing of natural scenes (26) . Taken together, the results provide evidence that the evolutionarily older SCs, not V1, embodies the role of a saliency map.
The relative timing of these visual representations offers insight into the flow of information processing between V1 and SC. Using the traditional index of visual latency timed from stimulus onset ( Fig. 2 A and C) , V1 was the earliest to receive visual inputs ( Fig. 2) , which is consistent with the role of an early feature extraction stage ( Fig. 1 A, blue and B, blue) . The evolutionarily older SCs then signaled the arrival of visual inputs, which may, in part, be inherited from pooled inputs of multiple V1 neurons (24, 25) . This would effectively cancel out most feature-specific preferences, consistent with the broadly tuned characteristics of SCs neurons (31, 38, 39) . Interestingly, VROL was the same or shorter for SCs than V1 in the saccade end-aligned case ( Fig. 2F and Figs. S1, S3-S5, and S7). This might indicate that, under real-world viewing conditions, where stimuli are more often brought into a neuron's RF as a result of saccades, retinotectal inputs might dominate the earliest part of the SCs visual response. In either case, SCs signaled the presence of the salient oddball before V1. Interestingly, the saliency representation in SCs was immediately preceded by robust surround suppression, which was markedly stronger and earlier than in V1. This is strong evidence that SCs has center-surround characteristics better suited for computing saliency from wide-field visual inputs (35) . For SCi, visual inputs not associated with the saccade goal were strongly attenuated (Fig. 4D) . This result suggests a mechanism that suppresses goal-irrelevant visual inputs in SCi to prioritize which salient signals gain access to the downstream gaze control system. Taken together, these results support a simple, intuitive framework for the formation of the saliency map in the primate midbrain, echoing earlier studies in the premammalian optic tectum (16) (17) (18) .
The timing of saliency representations in other cortical brain areas also suggests that they are not the source of the saliency representation observed here in SCs. For example, V4 neurons signal the presence of an oddball too late (∼85-100 ms poststimulus) to be the source of the saliency representation observed in SCs (∼65 ms poststimulus) (10) . Similarly, estimates of a pure saliency response in LIP emerge too late (∼70-75 ms poststimulus onset) (13) to be the source of the saliency representation in SCs, other than the fact that LIP does not project to SCs (24, 25) . It is also worth mentioning that the timing of the V1 saliency representation in our study is very similar to the timing of V1 figure-ground modulation (40, 41) , both of which indicate a modulation that only occurs well after the initial transient visual response. In sum, the timing of these cortical saliency representations appears too slow to be the source of the saliency representation observed in SCs. Whether these cortical saliency representations arise from ascending tectothalamocortical pathways [for example, via pulvinar (42, 43) ] is unknown.
Although there have been viable arguments for the existence of a feature-agnostic saliency map in V1 (6, 7), these arguments are weakened by the lack of direct neurophysiological evidence (a detailed discussion is in ref. 44) . The results of this study further challenge the hypothesis that V1 generates the visual saliency map by showing that SCs neurons, with dominant inputs that arise from V1, encoded the presence of a salient oddball sooner and more robustly than V1. This is in close agreement with the results of a recent V1 lesion study by Yoshida et al. (29) , which used a computational saliency model to weigh the contribution of each visual feature on free viewing gaze behavior after the surgical removal of V1. In that study, the authors showed that the removal of V1 abolished the contribution of oriented features, whereas the remaining features (luminance, color, motion) remained relatively unaffected. Taken together, this is strong evidence that V1 is not essential for the computation of saliency, whereas SCs remains a strong candidate for the early coding of saliency.
While it has been argued that the saliency map has evolved from the optic tectum (SC) in lower vertebrates to the V1 in primates (7) , the results of this study provide a serious challenge for this hypothesis. Certainly, it would seem advantageous for primitive species to have a mechanism that allows one to rapidly engage the orienting system toward stimuli defined by conspicuous features, and the evolutionarily old visual system in the midbrain seems to have solved this biological problem long before the elaboration of visual cortex (16) (17) (18) . A potential functional advantage of a saliency mechanism in SC is that it would reside close to the gaze-orienting circuity. The sensory and motor maps of the SCs and SCi are closely aligned (45) and ideally situated to integrate diverse inputs from cortex and engage the orienting system to act on such inputs. Thus, we postulate that, through evolution, V1 was integrated into an already existing saliency system, providing greater feature specificity and fine-tuned control over visually guided behavior.
Materials and Methods
Data were collected from four male Rhesus monkeys (Macaca mulatta): two for the SC recordings and two for the V1 recordings (details are in SI Materials and Methods). All procedures were approved by the Queen's University Animal Care Committee in accordance with the guidelines of the Canadian Council on Animal Care. The stimuli consisted of a radial arrangement of equally spaced color bars (210 items), with the diameter of the entire display spanning 40°to 45°visual angle ( Fig. 1 C and D) . The oddball, which could appear IN or OPP the RF, was always the opposite color and orientation as the remaining items, but all stimulus combinations were run interleaved. A single-item control condition served as a benchmark with no surround stimuli ( Fig. 1 E and F) .
On a given trial (Fig. 1) , the animal fixated a fixation point (FP), which appeared at the screen center (stimulus-aligned conditions) ( Fig. 1 C and E) or above or below center (saccade end-aligned conditions) ( Fig. 1 D and F) orthogonal to the RF at the same eccentricity. The animals were required to fixate the FP for 0.5-0.7 s, after which the goal-irrelevant stimulus/array appeared. The animals continued to fixate the FP for an additional 0.5-0.7 s, after which the FP stepped from center to one of the specified peripheral locations (array/item-aligned conditions) ( Fig. 1 C and E) or from the peripheral location to center (saccade end-aligned conditions) ( Fig. 1 D and F) . The animals were then required to launch a saccade to the new FP location and hold fixation for 0.5-0.7 s within a ∼3°× 3°computer-controlled window, after which a liquid reward was issued. Visually evoked responses were measured during the stimulus-aligned vs. saccade end-aligned time points, highlighted by the black outlines in key frames of Fig. 1 C-F . SI Materials and Methods has extended details about stimuli, equipment, procedure, and data analyses. The data, materials, and code that support the findings of this study are available from B.J.W. on reasonable request.
